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SUMMARY 


We  have  shown  in  earlier  work  that  significant  improvements  in  the  mechanical 
properties  of  the  alumina  +  l5w/o  zirconia  (PRD-166)  fiber/borosilicate  glass  matrix 
and  mullite  (Nextel  480  and  550)  fiber/mullite  matrix  composites  could  be  achieved 
using  interface  engineering  approach.  This  approach  Involves  a  control  of  the 
microstructure,  roughness  of  the  interface,  and  the  thermal  expansion  mismatch 
between  the  fiber  and  matrix  in  order  to  improve  the  strength  and  fracture  toughness 
of  the  composite.  We  have  made  a  qualitative  comparison  of  the  elemental 
distribution  in  the  PRD-166/glass  (N51A)  composites,  with  and  without  an  SnOg 
coating,  on  fibers  using  secondary  ion  mass  spectrometry  (SIMS).  The  results 
confirmed  that  tin  dioxide  senres  as  an  effective  barrier  between  this  fiber  and  the 
silica-based  glass.  The  tensile  strength  and  toughness  of  the  interface  between  Sn02 
and  flat  alumina  substrate  were  obtained  by  a  laser  spallation  technique.  An  average 
tensile  strength  value  of  0.32  ±  0.03  GPa  and  a  toughness  of  1.5  mJ/m^  were 
obtained  for  this  interface.  The  surface  roughness  of  three  alumina-type  fibers,  PRD- 
166,  Nextel  610,  and  Saphikon,  was  quantitatively  characterized  by  atomic  force 
microscopy  (AFM).  PRD-166  fiber  had  the  highest  roughness,  Saphikon  was  the 
smoothest,  while  Nextel  610  showed  an  intermediate  roughness.  Coefficients  of 
thermal  expansion  (CTEs)  of  PRD-1 66/glass  composites,  with  and  without  SnOg 
coating,  were  measured  as  a  function  of  fiber  volume  fraction.  The  results  indicated 
that  the  fiber  breakage  during  processing  played  a  more  significant  role  than  the  fiber 
misorientation  in  the  effective  thermal  expansion  coefficient  of  the  composite. 

Two  oxide  fiber/oxide  matrix  composite  systems,  alumina  fiber  (Nextel 
610)/glass  matrix  and  mullite  type  fibers  (Nextel  480  and  550) /mullite  matrix,  with  and 
without  interface  coating,  were  prepared.  We  are  in  the  process  of  characterizing  the 
interface  strength  of  these  composites  by  indentation  technique. 


i 


UST  OF  TABLES 


Table  1. 

Table  2. 

Table  3. 

Table  4. 


Composition  and  properties  of  the  fibers  and  coatings. 

Properties  of  the  matrices  used. 

Surface  roughness  of  the  fibers. 

Effects  of  thermal  mismatch  and  surface  roughness  on  the  radial  strain  at 
the  interface. 


ii 
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Fig.  1  (a)  A  mapping  of  120Sn^  by  SIMS  of  a  region  of  the  coated  fiber  composite,  (b) 
Ion-induced  secondary  electron  image  of  ttie  region  shown  in  (a). 

Fig.  2  Mappings  of  23Na^  in  (a)  coated  and  (b)  uncoated  fiber  composites. 

Fig.  3  Mappings  of  11B^  in  (a)  uncoated  and  (b)  coated  fiber  composites.  There  is 
some  evidence  of  diffusion  of  boron  into  the  fiber  in  the  uncoated  fiber  composite. 

Fig.  4  (a)  Displacement  fringes  corresponding  to  the  free  surtece  displacement 
obtained  by  the  doppler  interferometer  (b)  Stress  profile  corresponding  to  the  fringes 
in  (a). 

Rg.  5  Grey  level  top  view  image  of  PRD-166  fiber,  showing  a  striation  on  the  fiber 
surface. 

Fig.  6  A  line  scan  on  the  surface  of  PRD-166  fiber,  showing  the  rough  surface 
morphology  of  this  fiber. 

Fig.  7  Grey  level  top  view  of  Nextel  610  fiber,  showing  a  relatively  smooth  fiber. 

Fig,  8  A  line  scan  on  the  surface  of  Nextel  610  fiber,  showing  the  surface  morpholgy 
of  the  fiber. 

Fig.  9  A  line  scan  on  the  surface  of  Saphikon  fiber,  showing  a  smooth  surface  with 
occasional  steps. 

Rg.  10  Definition  of  the  roughness  parameters  used  in  this  work. 


I.  INTRODUCTION 


Composite  materials  capable  of  maiiitaining  excellent  strength  and  fracture 
toughness  are  required  for  high  temperature  structural  applications.  Ceramics  and 
glasses  exhibit  relatively  high  thermal  stability  combined  with  low  density  and  chemical 
inertness  as  compared  with  metals  and  polymers.  As  is  well  known,  ceramics  and 
glasses  are  very  brittle  and  fail  in  a  catastrophic  manner.  Continuous  fiber  reinforcement 
is  one  way  of  overcoming  this  lack  of  toughness.  The  increase  in  toughness  of  fiber- 
reinforced  ceramic  matrix  composites  resute  because  a  number  of  energy-absorbing 
mechanisms,  such  as  fiber/matrix  debonding,  crack  deflection,  and  fiber  pullout,  can  be 
made  to  operate  in  these  materials  [1].  We  have  shown  in  earlier  work  that  significant 
improvements  in  the  mechanical  properties  of  the  alumina  +  15w/o  zirconia  (PRD-166) 
fiber/borosilicate  glass  matrix  and  mullite  (Nextel  480  and  550)  fiber/mullite  matrix 
composites  could  be  achieved  using  interface  engineering  approach  [2,  3].  In  this 
approach,  the  microstructure  of  the  interface,  the  strength  and  fracture  toughness  of  the 
interface,  the  roughness  of  the  interface,  and  the  thermal  expansion  mismatch  between 
the  components  are  the  important  factors  to  be  considered. 

In  this  annual  report,  we  report  the  following  work: 

•  Microstructrual  characterization  of  PRD-166  fiber/glass  composites  with  and 
without  an  Sn02  interphase  by  SIMS. 

•  Tensile  strength  of  the  Interface  between  SnOg/alumina. 

•  Surface  roughness  of  three  alumina  type  fibers. 

•  Thermal  expansion  of  PRD-166  fiber/glass  composites. 

Two  oxide  fiber/oxide  matrix  composite  systems,  alumina  fibers  (Nextel  61 0)/glass 
matrix  and  mullite  type  fibers  (Nextel  480  and  550)/mullite  matrix  (with  and  without 
interface  coating),  were  prepared.  The  Interface  strength  of  these  composites  is 
quantitatively  being  characterized  using  indentation  technique.  Microstructure 
characterization  and  mechanical  testing  of  the  Nextel  610/glass  matrix  composite  are  also 
under  progress.  These  results  will  be  included  in  the  next  report. 


II.  MATERIALS 


Three  kinds  of  continuous  alumina  fibers,  PRD>166  (a-alumina  +15  w/o  zirconia), 
Saphikon  (single  crystal  a-alumina),  and  Nextel  610  (a-alumina),  were  incorporated  in  a 
borosilicate  glass  matrix.  Nextel  480  and  Nextel  550  fibers  were  used  in  a  mullite  matrix. 
Nextel  480  is  a  polycrystalline  fiber  with  an  essentially  mullite  composition.  The  as- 
received  Nextel  550  is  not  crystalline  mullite  but  a  mixture  of  f-alumina  and  amorphous 
silica  with  mullite  composition,  which  can  be  transformed  to  mullite  when  heated  above 
1200  °C.  Mullite  powder  synthesized  via  a  diphasic  gel  route  in  our  laboratory  was  used 
as  matrix  materials.  Tin  dioxide  fiber  coating  was  used  for  PRD-166  and  Saphikon  fibers, 
while  BN  and  BN/SiC  (double  coating)  were  used  for  Nextel  480  and  Nextel  550, 
respectively.  In  the  double  coating,  the  outer  layer  was  SiC.  Nextel  610,  a  relatively 
smooth  fiber,  is  the  new  fiber  used  in  this  work.  The  nominal  compositions  and  some 
properties  of  the  materials  used  are  summarized  in  Tables  1  and  2,  respectively. 


III.  EXPERIMENTAL  PROCEDURE 

3.1  Microstructural  characterization  of  PRD-166/giass  composite  by  SIMS 

A  VG  SIMSLAB  equipped  with  an  MM12-12  quadrupole  was  used.  The  primary 
beam  was  25  kV  Ga^  beam  in  the  microprobe  rastered  mode.  The  characterization 
was  done  by  ion  mapping,  that  is,  the  secondary  ion  Images  were  obtained  over  the 
region  of  Interest  by  stepping  the  beam  digitally  and  recording  the  intensity  of  a  certain 
isotope  as  a  function  of  position.  The  secondary  ion  images  were  correlated  with  the 
ion-induced  electron  micrographs  from  the  same  areas.  The  specimens  were 
mounted  on  stubs  using  silver  paint,  baked  for  0.5  h  at  100  ‘’C,  then  coated  with  Au- 
Pd.  During  the  course  of  the  secondary  ion  mass  spectrometry  analysis,  the  primary 
beam  eroded  the  Au-Pd  coating  over  only  the  analyzed  area,  and  the  rest  of  the 
coating  provided  a  good  path  for  charge  dissipation. 
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3.2  Tensile  strength  and  toughness  of  interface  between  SnOj  and  alumina 

Circular  disks  (2-4  mm  In  thickness)  were  cut  from  a  10  mm  diameter  rod  In  a 
slow  speed  diamond  saw.  Alumina  rod,  99.5+%  pure,  with  no  porosity  was  obtained 
from  Coors,  Inc.  The  disks  were  polished  with  1  diamond  paste  and  cleaned 
ultrasonically  in  acetone.  Tin  dioxide  coating  was  applied  to  one  side  of  the  samples 
by  a  chemical  vapor  deposition  process  [3,  4].  A  0.5  nm  thick  aluminum  film  was 
deposited  onto  the  back  side  of  the  substrate  disk  in  a  vacuum  evaporator. 
Measurements  of  the  tensile  strength  of  the  interface  were  carried  out  using  laser 
spallation  technique.  The  details  of  this  technique  can  be  found  in  ref.  [5].  A  2.5  ns 
long  pulse  from  Nd:YAQ  laser  is  focused  on  a  3  mm  diameter  spot  onto  the  0.5  ixm 
thick  aluminum  film  that  is  sandwiched  between  the  back  surface  of  a  substrate  of  1 
mm  thickness  and  a  2  mm  thick  plate  of  constraining  fused  quartz  transparent  to  the 
laser  wavelength.  Fused  quartz  was  mechanically  attached  to  the  substrate. 
Absorption  of  the  laser  energy  in  the  confined  aluminum  film  leads  to  a  sudden 
expansion  of  the  aluminum  film,  which,  due  to  the  axial  constraints  of  the  assembly, 
leads  to  the  generation  of  a  compressive  stress  pulse  directed  toward  the  SnOg 
coating/alumina  substrate  interface.  A  part  of  the  compressive  pulse  Is  transmitted 
into  the  coating  as  the  compression  pulse  strikes  the  interface.  It  is  the  reflection  of 
this  compressive  pulse  into  a  tensile  pulse  from  the  free  surface  of  the  coating  that 
leads  to  the  removal  of  the  coating,  given  a  sufficiently  high  amplitude.  When  the 
stress  pulse  reflects  from  the  free  surface  of  the  coating,  the  free  surface  experiences 
a  transient  velocity,  proportional  to  the  profile  of  the  stress  pulse  striking  the  free 
surface.  The  peak  interface  stress  at  the  threshold  laser  fluence  gives  the  interface 
strength. 

3.3  Measurement  of  surface  roughness  of  the  fibers 

Fiber  samples  were  mounted  by  means  of  a  double  stick  tape  on  aluminum 
stubs  for  examination  in  an  atomic  force  microscope  (AFM).  In  an  AFM,  the  probe  tip 
in  the  form  of  a  microcantilever  is  placed  a  few  angstroms  from  the  sample  surface. 
The  AFM  microcantilever  is  deflected  by  the  interatomic  repulsion  between  atom  on 
the  tip  and  atoms  on  the  sample  surface.  A  laser  beam  is  used  to  measure  the 
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deflection  of  the  tip.  A  very  sharp  tip,  a  few  atom  wide,  is  attached  to  a  micro¬ 
cantilever  arm.  The  probe  tip  is  brought  in  contact  with  the  sample  and  scanned 
across  the  sample  surface  in  a  raster  pattern.  The  deflection  of  the  cantilever  is 
monitored  and  this  signal  is  used  in  a  feedback  loop  to  obtain  an  image  of  the 
surface. 

3.4  Measurement  of  thermal  expansion  of  the  composites 

Thermal  expansion  measurements  were  made  with  an  Orton  dilatometer  (model 
1000D).  The  thermal  expansion  of  the  composites  was  recorded  in  the  temperature 
range  of  25  -  500  ®C.  The  experimental  expansion  values  were  obtained  by  averaging 
out  the  thermal  expansion  data  over  the  temperature  range  of  25  -  500  ®C,  in  intervals 
of  20  °C. 


IV.  RESULTS  AND  DISCUSSION 

4.1  Microstructure  of  the  interface 

The  efficiency  of  Sn02  as  a  barrier  between  alumina  and  glass  was  confirmed 
by  SIMS.  A  mapping  of  120Sn^  by  SIMS  of  a  region  of  the  coated  fiber  composite  as 
well  as  the  ion-induced  secondary  electron  image  of  the  same  region  are  shown  in 
Fig.1  (a,  b).  Fairly  uniform  tin  dioxide  coating  around  fibers  can  be  seen.  The  coating 
appears  large  where  the  fibers  intersect  the  surface  at  an  angle.  It  would  appear  that 
tin  is  confined  to  the  coating  region.  An  advantage  of  SIMS  over  other  techniques  is 
the  ability  to  map  light  elements,  such  as  sodium.  Figure  2(a,b)  shows  mapping  of 
23Na^  in  the  coated  and  uncoated  fiber  composites.  Note  the  diffusion  of  Na^  into 
the  fiber  as  well  as  concentration  near  the  interface  in  the  uncoated  fiber  case.  Such  a 
diffusion  of  sodium  ions  seems  be  absent  in  the  case  of  the  Sn02-coated  fiber.  Boron 
is  another  light  element  that  is  difficult  to  map  in  an  electron  microscope.  Mappings  of 
11B^  showed,  see  Fig.  3,  that  there  was  some  diffusion  of  boron  from  the  glass 
matrix  into  the  uncoated  fiber. 
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4J2  Tensile  strength  snd  toughness  of  the  Interface 

Adhesion  strength  between  Sn02  coating  and  polyoystaliine  alumina  substrate 
was  measured  by  a  modified  laser  spallation  technique  at  the  Dartmouth  coii^. 
Figure  4(a)  shows  a  typical  photodiode  voltage  corresponding  to  the  velocity  of  the 
AI2O3  free  surface.  Figure  4(b)  is  the  stress  pulse  profile  corresponding  to  the  fringe 
record  of  Fig.  4(a).  In  all  the  experiments  tiie  failure  was  observed  at  the  interface.  An 
average  tensile  strength  value  of  0.32  ±  0.03  GPa  was  obtained  for  the  SnOj/alumina 
interface.  The  strength  determined  by  the  laser  spallation  experiment  should  be 
independent  of  the  inelastic  processes  sinc^  the  interface  separation  takes  place  at  a 
strain  rate  of  almost  10®  s'’.  The  tensile  strength  of  the  internee  was  related  to  the 
interface  intrinsic  toughness  through  a  relation  using  the  concept  of  universal  bonding 
correlation  [6]: 

=  Eo  /e^  h. 

It  should  be  emphasized  that  the  concept  of  universal  bonding  correlation  is  used  only 
define  the  shape  of  the  interface  stress-separation  curve.  In  this  expression,  h  is  the 
unstressed  separation  distance  between  the  planes  joining  at  the  interface  and  £„  is 
the  initial  one-dimensional  tensile  straining  modulus  of  the  interface  layer.  Plugging  in 
the  appropriate  values,  this  expression  yields  a  value  of  1.5  mJ/m^  for  the  interface 
toughness.  This  value  is  very  low  in  comparison  to  the  expected  intrinsic  toughness 
value  for  hard  interface,  which  is  of  order  of  1  J/m^.  Certainly  the  measured  low  value 
is  due  to  the  interface  flaws.  An  estimate  for  the  interface  flaw  size  can  be  made  using 
this  equation  by  using  %  =  1  Jm/m^  and  =  0.32  GPa.  This  process  yields  a  flaw 
size  of  0.4  jLtm.  Considering  the  polycrystalline  structure  of  alumina,  it  is  likely  that  the 
flaws  of  this  size  remain  at  interface  upon  the  deposition  of  the  SnOg  coating. 


•  4.3  Surface  roughness  of  three  alumina-type  fibers 

Quantitative  information  on  fiber  surface  roughness  was  obtained  by  means  of 
atomic  force  microscopy  (AFM).  Figure  5  is  a  grey  level  top  view  image,  showing  the 
^  surface  morphology  of  PRD- 166  fiber.  A  relatively  large  grain  size  (0.5  Aim)  of  this  fiber 

surface  generates  a  very  rough  surface.  Figure  5  also  shows  an  elongated 
depression  or  an  axial  striation  on  the  fiber  surface,  the  depth  of  which  is  between  700 
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-  800  nm.  This  kind  of  defect,  which  may  result  from  the  fiber  processing  procedure, 
can  be  a  big  source  of  the  surface  roughness.  The  line  scan  on  the  surface  of  PRD- 
166  fiber,  shown  In  Rg.  y,  gives  the  corresponding  surface  roughness  profile  of  the 
fiber.  The  surfsK:p  morphology  of  Nextel  610  fiber  is  shown  in  Rg.  7,  a  grey  level  top 
view  image.  Comp>aring  Rgs.  5  and  7,  one  notes  the  marked  difference  in  the  surfsK^e 
morphology  of  PRD>166  and  Nextel  610,  botii  polycrystalline  fibers.  The  smaller  grain 
size  of  Nextel  610  (about  0.08  urn),  gives  a  smoother  surface.  Rgure  8  gives  a  line 
scan  rtf  the  Nextel  610  fiber.  Note  the  relative  smoothness  of  this  profile,  cf.  Rg.  6. 

The  surface  roughness  of  these  polycrystalline  fibers  appears  to  scale  with  the  grain 
size.  Single  crystal  alumina  (Saphikon)  fiber  is  showed  an  unusual  feature,  namely 
steps  on  the  fiber  surface.  Rgure  9  shows  a  line  scan  on  the  Saphikon  surface.  Note 
the  smooth  with  a  step  perpendicular  to  the  fiber  axis.  Such  steps  on  the  fiber  surface 
can  be  sites  of  stress  concentration,  which  can  decrease  the  fiber  tensile  strength 
dramatically  [7]. 

Results  of  the  surface  roughness  characterization  are  summarized  in  Table  3. 
Rgure  10  serves  to  define  the  parameters  in  Table  3.  It  can  be  seen  from  Table  3  ttiat 
the  PRD-166  fiber  had  the  highest  roughness,  Saphikon  was  the  smoothest,  while 
Nextel  610  fiber  shown  an  intermediate  roughness.  Using  the  coefficients  of  thermal 
expansion  of  the  three  fibers  and  a  glass  matrix  material,  the  radial  strain  at  the 
fiber/matrix  interface  due  to  thermal  mismatch  and  the  gripping  induced  by  the  fiber 
surface  roughness  can  be  computed.  Table  4  lists  the  values  of  the  A/r  ratio  for  each 
fiber.  The  maximum  sliding  resistance  should  be  taken  irtto  account  for  fiber  pullout 
behavior,  and  thus,  the  value  of  R^ax/''  would  give  us  the  worst  case  scenario. 
Among  the  three  fibers,  the  PRD-166  fiber  has  the  greatest  value  of  this  ratio,  0.027. 
The  radial  strain  at  the  fiber/coating  interface  consists  of  two  parts:  one  due  to  the 
thermal  mismatch  between  the  fiber  and  interface,  which  can  be  either  tensile  or 
compressive,  and  the  other  one  comes  from  the  roughness  induced  clamping,  which 
is  always  in  compression.  Comparing  the  ratio  of  the  thermal  mismatch  portion  of  the 
radial  strain  at  the  interface  of  alumina  fiber/tin  dioxide  coating,  to  the  roughness 
contribution  for  PRD-166,  Table  4,  we  see  that  the  compressive  radial  strain  is  an 
order  of  magnitude  greater  than  the  tensile  thermal  portion.  That  is,  the  combined 
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effect  of  the  two  in  the  case  of  the  PRD-166  fiber/tin  dioxide  interface  will  be  rather 
tight  gripping  or  clamping  in  the  radial  direction.  Now  let  us  see  this  effect  in  the 
Nextel  610  fiber/tin  dioxide  interface.  Althoi^h  the  two  parts  of  the  radial  strain  at  the 
fiber/coating  interface  have  the  same  order  of  magnitude,  the  net  effect  in  this  case 
will  create  a  small  compressive  strain  in  the  radial  direction.  In  the  Saphikon  fiber/tin 
dioxide  interface,  unlike  the  cases  of  PRO-166  and  Nextel  610  fibers,  the  contribution 
of  mismatch  of  the  thermal  expansion  coefficients  to  the  radial  strain  can  compensate 
for  the  compressive  radial  strain  due  to  the  surface  roughness,  and  the  net  result  is  a 
tensile  strain.  The  net  radial  strains  at  the  fiber/tin  dioxide  interface,  listed  in  the  last 
row  of  Table  4,  show  that  the  compressive  radial  strain  at  PRD-166/tin  dioxide 
interface  is  expected  to  be  20  times  greater  than  that  at  the  Nextel  610/tin  dioxide 
interface,  and  only  at  Saphikon/tin  dioxide  interface  is  the  net  radial  strain  tensile  in 
nature.  This  leads  to  an  understanding  of  how  the  surface  roughness  affects  the 
interfacial  bonding  between  the  fiber  and  matrix. 

4.4  Thermal  expansion  of  PRD«1 66/glass  composite 

Experimental  coefficients  of  thermal  expansion  (CTE)  of  the  uncoated  and  tin 
dioxide  coated  fiber  composites  in  the  longitudinal  and  transverse  directions  were 
compared  with  the  predicted  values  from  various  models.  The  transverse  CTE  values 
for  both  the  uncoated  and  coated  fiber  composites,  appeared  to  fit  Schapery’s  model 
[8]  more  closely  than  any  of  the  other  models.  Also  the  CTEs  for  the  tin  dioxide 
coated  fiber  composites  appear  to  be  closer  to  the  theoretically  predicted  values  as 
compared  to  the  uncoated  fiber  composites.  This  is  probably  due  to  the  fact  that  all  of 
the  models  used  for  obtaining  the  CTEs  assume  perfect  bonding  between  the  fiber 
and  matrix,  without  any  chemical  interactions  at  the  interface.  The  effect  of  any  kind  of 
chemical  reaction  which  might  alter  the  interface  characteristics  is  not  taken  into 
account.  In  the  case  of  the  uncoated  fiber  system,  the  bonding  between  the  fiber  and 
matrix  has  a  strong  chemical  component  to  It  (because  of  the  high  reactivity  between 
alumina  and  silicate)  and  any  reaction  product(s)  formed  will,  in  all  likelihood,  have  a 
different  CTE  and  also  affect  the  bonding  in  these  systems.  This  is  probably  the 
reason  for  the  observed  discrepancies  between  the  theoretical  and  experimental 
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values.  The  experimental  CTE  in  the  longitudinal  direction  for  the  coated  fiber 
composites  shows  that  the  deviation  from  the  theoretical  prediction  of  Schapery’s 
model  appears  more  at  the  higher  fiber  volume  fraction  than  at  lower  one.  The  fiber 
misorientation  and  breakage  induced  during  processing  could  be  one  of  the  main 
reasons  for  these  deviations.  It  turns  out  that  the  fiber  breakage  played  a  more 
significant  role  than  the  fiber  mosorientation  because  fiber  breakage  resulted  in  short 
fibers  which  have  a  lesser  constraint  on  the  matrix  than  long,  continuous  fibers. 


V.  CONCLUSIONS 

We  have  shown  that  secondary  ion  mass  spectrometry  (SIMS)  can  be  used  to 
generate  elemental  distribution  maps  in  alumina  type  fiber/glass  matrix  composites. 
Our  SIMS  study  of  PRD-166/glass  and  PRD-ieS/SnOg/glass  composites  shows  that 
tin  dioxide  serves  as  an  effective  barrier  between  the  (alumina  +  zirconia)  fiber  and 
silica-based  glass.  The  tensile  strength  and  toughness  of  the  interface  between  SnOg 
and  alumina,  as  determined  by  a  laser  spallation  technique,  were  0.32  GPa  and  1.5 
mJ/m^,  respectively. 

Fiber  surface  roughness  is  a  very  important  parameter  along  with  the  thermal 
mismatch  between  the  components.  Quantitative  information  was  obtained  by  AFM 
on  the  degree  of  fiber  surface  roughness.  PRD-166  fiber  had  the  highest  roughness, 
Saphikon  was  the  smoothest,  while  Nextel  610  showed  an  intermediate  roughness. 

The  investigation  of  CTE  of  PRD-166/glass  composites  showed  that  effects  of 
chemical  reaction  at  the  interface,  fiber  breakage  and  fiber  misorientation  which  occur 
during  fabrication  and/or  handling  of  these  composites  must  be  accounted  for  as  they 
can  affect  the  CTE  of  the  composites  quite  significantly.  In  the  present  composite 
system,  the  fiber  breakage  played  a  more  significant  role  than  the  fiber  misorientation 
because  fiber  breakage  resulted  in  short  fibers  which  had  a  lesser  constraint  on  the 
matrix  expansion  than  long,  continuous  fibers. 
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Ra  =  Mean  Roughness 
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where  L  =  Length  of  Roughness  Curve 
f(x)  =  Roughness  Curve 

Rmax  =  Maximum  Roughness 

Difference  between  the  highest  and  lowest  point 
Rj  =  Ten-Point  Average 
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Table  1 .  Composition  and  properties  of  fibers  and  fiber  coatings 
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Table  2.  Properties  of  matrices 

Melting  Density  Temsile  Young’s  CTE 

point  (°C)  (g/cm^)  strength  (MPa)  modulus  (GPa)  (1()~^/°C) 


N51Aglass  - 

Mullite  1850 

Coming  7052  - 


2.27 


128-185 


56.5 


5.31 


Table  3.  Surface  roughness  of  the  fibers. 


i 

i 

1 

PRD  166 

Nextel  610 

Saphikon 

• 

Ra  (nm) 

31.82 

3.10 

0.74 

Rmax  (nni) 

233.27 

15.09 

4.78 

• 

Rz  (nm) 

109.68 

6.78 

2.60 

Table  4.  Effects  of  thermal  mismatch  and  surface  roughness 
on  the  radial  strain  at  the  interface. 


PRD-166 

Nextel  610 

Saphikon 

r,  pm 

10 

5.5 

40 

a,  lO-^K-i  9 

Radial  compressive  strain  (due  to  roughness): 

9 

7.94 

(1  to  C-axis) 

Ra/r 

0.003 

0.0006 

0.00002 

Rmax/*" 

0.027 

0.0027 

0.00012 

Rz/r 

0.0 11 

0.0012 

0.00007 

Radial  tensile  strain  (due  to  thermal  mismatch): 

Aa»AT 

(asnO2=5.23xl0-^K-i, 
AT  =  500K) 

0.002 

0.0019 

0.00136 

Net  radial  strain 

-0.025 

-0.0008 

+0.00123 

(+;  Tensile  strain 
Compressive  strain) 


